OBJect Bone allografts used for interbody spinal fusion are often preserved through either freeze drying or lowtemperature freezing, each having disadvantages related to graft preparation time and material properties. In response, a glycerol preservation treatment has been developed to maintain the biomechanical properties of allografts at ambient temperatures, requiring no thawing or rehydration and minimal rinsing prior to implantation. The authors conducted a prospective randomized study to compare the clinical results of glycerol-preserved Cloward dowels and those of freezedried Cloward dowels in anterior cervical discectomy and fusion. The primary outcome measures were evidence of fusion and graft subsidence, and the secondary outcome measures included adverse events, pain, and neck disability scores. MethODS Of 106 patients, 53 (113 levels of surgery) were randomly assigned to the glycerol-preserved graft group and 53 (114 levels of surgery) to the freeze-dried graft group. Subsidence was assessed at 3 and 6 months after implantation. Evidence of fusion was evaluated radiographically at 6 months postimplantation. Subsidence was quantitatively assessed based on physical measurements obtained from radiographs by using calibrated comparators, whereas fusion was also evaluated visually. Surgeons were blinded to treatment type during visual and physical assessments of the patients and the radiographs. reSultS No one in either group had evidence of complete nonunion according to radiographic evaluation at the 6-month follow-up. Average subsidence for all graft-treated levels was 2.11 mm for the glycerol-preserved group and 2.73 mm for the freeze-dried group at the 3-month follow-up and 2.13 and 2.83 mm at the 6-month follow-up, respectively. The 2 treatment groups were statistically equivalent (p = 0.2127 and 0.1705 for the 3- and 6-month follow-up, respectively). No differences were noted between the graft types in terms of adverse event incidence or severity. cONcluSiONS Glycerol-preserved bone allografts exhibit fusion results and subsidence values similar to those of their freeze-dried counterparts, potentially more favorable biomechanical properties, and significantly shorter preparation times. Clinical trial registration no.: NCT00344890 (clinicaltrials.gov) http://thejns.org/doi/abs/10.3171/2014.9.SPINE131005 Key WOrDS Cloward dowel; allograft; anterior cervical fusion; glycerol preservation; technique C erviCal spondylosis or trauma can evolve into radic ulopathy or myelopathy often requiring surgical in tervention. 13, 29, 34 Anterior cervical discectomy and fusion (ACDF) procedures are performed to treat these con ditions and involve the use of synthetic or structural bone interbody spacers. 4, 34 While human bone allografts have demonstrated suc cess in ACDF procedures, their ease of use is limited as compared with that of readytouse synthetic cages stored at ambient temperatures. This relates to the traditional pro vision of bone allografts in either freezedried or deepfro zen form. If freeze dried, the dehydrated allograft must be aBBreViatiONS ACDF = anterior cervical discectomy and fusion; CTDR = cervical total disc replacement; NDI = Neck Disability Index; VAS = visual analog scale.
C erviCal spondylosis or trauma can evolve into radic ulopathy or myelopathy often requiring surgical in tervention. 13, 29, 34 Anterior cervical discectomy and fusion (ACDF) procedures are performed to treat these con ditions and involve the use of synthetic or structural bone interbody spacers. 4, 34 While human bone allografts have demonstrated suc cess in ACDF procedures, their ease of use is limited as compared with that of readytouse synthetic cages stored at ambient temperatures. This relates to the traditional pro vision of bone allografts in either freezedried or deepfro zen form. If freeze dried, the dehydrated allograft must be reconstituted before implantation. In addition to the extra operating room time required, tissue brittleness and weak ness can still occur as a result of the freezedrying pro cess, even if the graft is rehydrated per instructions. 5, 11, 27 Subsequent cracking of a graft upon forceful insertion can be expensive to rectify and may even go undetected dur ing implantation. The other alternative-deep freezing and storing of tissue at -40°C to -80°C-may prevent brittle ness and tissue degradation but increases shipping costs and may require storage in validated, monitored, ultra lowtemperature freezers. Moreover, the time required for thawing frozen tissue can increase case time, and an inad vertently thawed graft would need to be discarded even if it were unused or unopened.
In addressing these limitations, a glycerol preservation technology has been developed to avoid the potential brit tleness of freezedried allografts as well as the subzero temperature shipping and storage requirements of frozen grafts. 19 Glycerol preservation uses a thin protective coat of glycerol to both preserve the tissue and keep it fully hy drated (Moore M, Crouch K, O'Neal A, et al., presented at the BioInterface Annual Symposium and Exhibition, 2004). The end result is an allograft that can be maintained at ambient temperatures until use. 19 While glycerol is used as a carrier in bone void filler products, such as Grafton and Optium DBM, that are used in the spine, the clinical significance of glycerol impregnation on the properties of a structural intervertebral spacer remains unknown. Thus, we initiated a study to test how a glycerolpreserved al lograft would perform in an ACDF series.
Previously, we reported subsidence measurements for freezedried bone in ACDF procedures in which Cloward dowels were used as the spacer. 30 Since that study was per formed, the same manufacturer (LifeNet Health) devel oped the glycerolpreserved allograft described here. We sought to determine how these structural bone allografts, preserved at room temperature with glycerol, would clini cally perform in comparison with the freezedried alterna tive. Thus, using our standard clinical methodology, we ini tiated a prospective randomized study to compare ACDF surgical outcomes after implanting either the glycerol preserved or the traditional freezedried Cloward dowels. These results may be applicable to other structural or non structural glycerolpreserved allografts used in the spine.
Methods

Study Design and Objectives
This study was a prospective, randomized, blinded clin i cal evaluation comparing glycerolpreserved and freeze dried Cloward dowels in ACDF surgery for cervical ra diculopathy or myelopathy. Study design, methods, and informed consent were reviewed and approved by an insti tutional review board through the Virginia Commonwealth University Health Systems, the study was registered with the ClinicalTrials.gov database (http://clinicaltrials.gov), and the study registration no. is NCT00344890. There were 5 im plantation surgeons (R.S.G., B.M., H.F.Y., W.C.B., and K.H.; the first 2 surgeons are authors on this paper). The study and surgical technique are largely modeled on those by Tye et al., 30 who evaluated subsidence rates for ACDF sur gery using freezedried Cloward dowel allografts. Ob jectives of the present study included statistical compari son of subsidence measurements at 3 and 6 months after implantation and qualitative assessment of graft fusion at 6 months. We hypothesized that the experimental group (glycerolpreserved allografts) would not have outcomes significantly inferior to those of the control group (freezedried allografts).
Surgical assessment Methods
Subsidence was quantitatively measured from radio graphs. Plate and fusion lengths were measured using postimplantation (postoperative Day 1) lateral radio graphs and were compared with cervical spine radio graphs obtained during the 3 and 6month followup visits. The length of the fusion segment (FL) was deter mined by multiplying the known plate length (KPL) by the measured fusion length (MFL) and dividing by the measured plate length (MPL; FL = [KPL × MFL]/MPL). The measured fusion plate length was measured from the midpoint between the anterior and posterior aspects of the endplates. A blinded study surgeon qualitatively assessed evidence of fusion on radiographs at 6 months after implantation. The 6month radiographs included neutral anterior/posterior, lateral flexion, lateral exten sion, and neutral lateral. In addition to the radiographs, a blinded study surgeon also assessed each patient for long track signs, deep tendon reflexes, sensory responses, and motor strength. The study surgeon was blinded to treat ment type during all visual and physical assessments of the patients and radiographs.
Patient Population
The study was originally designed for the enrollment of 120 patients, 60 to receive glycerolpreserved allografts and 60 to receive rehydrated freezedried allografts, with each arm stratified according to the expected number of cervical discs to be fused. This enrollment number was based on what was deemed necessary to achieve statis tical significance of equivalence using statistics derived from Tye et al. 30 However, we also recognized that statis tical equivalence might be achieved before reaching this number, leading to early termination of enrollment. All patients were treated at the Virginia Commonwealth Uni versity Medical Center. The study coordinator selected a computergenerated, randomized treatment arm at the time of surgery. Treatment assignments were unknown to the investigator or study coordinator prior to surgery. The resultant study included only 106 patients because we did, in fact, achieve statistically meaningful results prior to reaching the original target enrollment (Fig. 1) . It was determined, since the study objectives had already been achieved, that no patient benefit would be obtained by continuing to enroll patients in the 2armed study, and thus the study was truncated. All patients who had 3month (88 patients) and/or 6month (86 patients) fol lowups were included in the analysis for which statistical power was achieved. As detailed in Table 1 , 53 patients were included in each study arm. For each treatment group, 13 patients had 1level fusions and 4 had 4level fusions. For the glycerolpreserved group, 24 patients had 2level fusions and 12 had 3level fusions. For the freeze dried group, 23 patients had 2level fusions and 13 had 3level fusions. The same graft treatment was used at all surgical levels for a given patient. Thus, for each group, 13 grafts were used in 1level fusions and 16 grafts were used in 4level fusions. In addition, 48 grafts were used in the 2level fusions and 36 grafts in the 3level fusions for the glycerolpreserved group, and 46 grafts were used in the 2level fusions and 39 grafts in the 3level fusions for the freezedried group. In sum, the glycerolpreserved group represented 113 levels of surgery and the freeze dried group represented 114 levels.
In addition to providing voluntary informed consent, patients had to meet all inclusion criteria and have none of the exclusion criteria to be included in the study. In clusion criteria consisted of an age between 18 and 70 years, clinically confirmed radiculopathy or myelopa thy due to neural compression between C3-4 and C6-7, and an agreement to follow all study protocols such as treatment randomization and attendance at scheduled followup appointments. Exclusion criteria consisted of a previous cervical spine surgery, a multilevel fixed and/ or ankylosed cervical spine, and any other condition that would interfere with an accurate pain and/or function as sessment such as rheumatoid arthritis or a progressive neuromuscular disease. Patients were excluded if pre enrollment plain radiographs failed to visualize the in ferior endplate of the most caudal fusion segment, thus precluding an accurate measurement of primary outcome measures. Smoking was not an exclusion criterion, and patients were not randomized according to tobacco use. However, it was noted that 11 patients were considered tobacco users-4 in the glycerolpreserved group and 7 in the freezedried group-and these numbers were con sidered too small to subanalyze. 
Surgical Procedure
The Cloward dowel surgical procedure 8 used by Tye et al. 30 was followed in this study. All ACDF surgeries were performed with human bone allograft Cloward dowels. The cervical spine was accessed via an anterior approach through the neck. Degenerated discs were re moved and replaced with either glycerolpreserved (Pres ervon, Life Net Health) or freezedried (LifeNet Health) allograft Cloward dowels, depending on the treatment group. Both graft types were treated with Allowash and terminally sterilized using gamma irradiation at dry ice temperatures. 1, 19 Per the manufacturer's instructions, the glycerolpreserved grafts were rinsed in sterile saline for at least 30 seconds, whereas the freezedried grafts were rehydrated in sterile saline for at least 30 minutes. Rigid internal segmental fixation was then performed via im plantation of an Atlantis anterior cervical plate (Medtron ic Sofamor Danek) with fixed-angle screws. The size of the plate and the length of the screw fixation were left to the discretion of the operating surgeon.
Statistical Methods
Statistical analysis was evaluated using a personal computer, Microsoft Excel, and SAS and StatView com mercial statistical software packages. Analysis of fusion and plate length in comparison with subsidence was per formed using a Pearson correlation coefficient. The de gree of subsidence was expected to positively correlate with the plate length and the number of levels fused. Graft fusion was deemed successful or unsuccessful based on surgeon assessment. Analysis of dichotomous data was performed using Fisher's exact test or a chisquare test. A post hoc statistical power analysis indicated that 38 pa tients were needed in each treatment group to achieve a 92.5% confidence interval and 0.075 level of significance based on 6month mean subsidence measurements.
results
At 3 months postimplantation (Table 1) , 6 patients in the glycerolpreserved group and 12 in the freezedried group had been lost to follow-up. There was no significant difference in subsidence between the treatment groups according to radiographic assessment by a blinded sur geon (Fig. 2) . No patients in either group had evidence that the grafts had moved, loosened, dislodged, or frac tured or had another problem not specified.
At the 6month followup, the treating surgeon quali tatively assessed all 47 patients in the glycerolpreserved group and all 39 in the freezedried group (Fig. 3) as hav ing achieved alllevel fusions, as reported on the appro priate study case report form. This qualitative assessment of fusion was made at the 6month evaluation, which was based on radiographic criteria including the absence of segmental motion on flexion and extension views, the ap pearance of graft incorporation, and the absence of ra diographic lucencies surrounding grafts and hardware. Computed tomography scanning or other more advanced methods were not used. According to the methods ap plied, none of the reported patients in either group had nonunions. A blinded nontreating surgeon reviewed the radiographs to measure subsidence and determine fusion status using the same criteria. The independent assess ment revealed one patient in the glycerolpreserved group who exhibited persistent movement upon flexion and extension and one patient, a tobacco user in the freeze dried group, who exhibited pseudofusion (Table 2 ). These particular patients were asymptomatic and underwent no further surgeries. Overall, we considered the results to constitute an assessed fusion rate > 95%, regardless of the study arm. Moreover, there was no significant difference in subsidence between treatment groups according to ra diographic assessment by a blinded surgeon. Subsidence measurements are presented as a function of the number of levels of surgery and are reported for both the 3 and 6month followup in Fig. 2 .
The Neck Disability Index (NDI) and visual analog scale (VAS) scores for the neck, left arm, and right arm were collected from 93 patients at the screening and 6 weeks, 3 months, or 6 months postimplantation. Both treatment groups showed an initial dramatic improve ment (reductions) in all 4 scores (Figs. 4 and 5) . Patients with glycerolpreserved allografts had scores similar to those in patients with freezedried grafts but also showed a trend toward a greater percentage of improvement in all 4 scores by the 6month followup. This difference in percentage improvement for the glycerolpreserved grafts was statistically significant for the NDI scores (p = 0.035); however, this may not be clinically relevant. Regardless, the glycerolpreserved allografts yielded results at least equivalent to those for the freezedried controls. At each followup, the examination nurse and physi cian sought information on adverse events through ex amination and questioning. Patients were encouraged to report any physical symptoms at that time and in be tween scheduled visits as warranted. All adverse events that occurred during the study period (6 months from the date of surgery) were recorded in detail on a desig nated collection form. Fiftynine patients (55.7% of the 106 study subjects) experienced at least one of the 108 adverse events reported (Table 2) . Typical reported events included dysphagia and pain in the neck area or along the arms, shoulders, and back. Many of the reported events were obviously unrelated to the type of cervical implant, for example, torn rotator cuff, foot fracture, panic attacks, and so forth. Of those 108 adverse events, 12 (11.1%) were considered possibly graft or procedure related. Nine (8.5%) of the 106 study participants experienced an ad verse event that was possibly graft related. These events included neck, arm, and shoulder pain (3.8% of patients and 3.7% of all adverse events) and subsidence (3.8% of patients and 3.7% of all adverse events). One patient ex perienced segmental kyphosis 1 level below a fusion that had been complicated by a deep wound infection. Anoth er patient exhibited pseudofusion of the lowest level of a 3level anterior cervical fusion that may have been graft
FIG. 2. Average subsidence at 3 (upper) and 6 (lower) months postoperatively, calculated according to fusion level. Error bars
reflect the standard deviation. All 4 levels for glycerol-preserved and freeze-dried grafts show statistical equivalence for average subsidence, since all of the calculated p values are greater than 0.05; that is, there was no statistically significant difference between glycerol-preserved and freeze-dried grafts at a 95% confidence level. Also included is the combined subsidence average regardless of level.
related. Both of these patients had received freezedried grafts. Persistent movement of the lower level on flexion/ extension was noted in one of the patients in the glycerol preserved group, which may have been graft related. Of the adverse events that were possibly graft related, their incidence was identical for each of the 2 treatment groups, representing 5.6% (6) of the total adverse events in each study arm. Of the 108 adverse events reported, 96 (88.9%) were deemed to be unrelated to the graft. Fifty (47.2%) of the 106 study participants experienced an adverse event that was not graft related. For the 96 adverse events that were not graft related, 43 (44.8%) were reported for pa tients who had received glycerolpreserved grafts and 53 (55.2%) were reported for patients who had received freezedried grafts, again indicating no greater incidence of adverse events with the glycerolpreserved grafts.
Discussion
Glycerol preservation allows allograft tissue to be stored without freeze drying and at ambient temperatures. After briefly rinsing before implantation (< 30 seconds), the graft contains minimal glycerol and is ready for use. In comparison, widely used demineralized bone matrixbased bone void filler products, such as Optium DBM and Grafton, contain approximately 70% glycerol upon implantation. Moreover, glycerol is commonly used as a preservation treatment for skin allografts in European tis sue banks, 10, 17, 23, 33 especially in the Euro Skin Bank that developed this method for skin allografts. 24 Consistent with this common use of glycerol in medical implants, our results indicated no incidence of glycerolrelated neuro logical dysfunction in 53 patients who received glycerol preserved grafts at a total of 113 separate levels of surgery. Graft and plate complications can be expected with an terior cervical spine surgery. Studies have indicated that 28%-57% of patients who have undergone anterior cervi cal spine surgery will experience some degree of postoper ative dysphagia. 12, 15, 16, 26 The reported incidence of dyspha gia following anterior cervical spine surgery varies because it appears that medical records, as compared with patient surveys, substantially underreport dysphagia. 12 The re ported incidence of radiculopathy during or after anterior cer vical spine surgery is 0.2%-3.2%. 2, 14, 28 These published rates for both dysphagia and radiculopathy compare favor ably with the incident rates in the present study of glycerol preserved (2.8% and 0.9%, respectively) and freezedried allografts (3.7% and 1.8%, respectively). The patients with adverse events that were possibly graft related progressed well, and the incidence of adverse events is consistent with this type of surgery. Additionally, both treatment groups had the same number of patients with possibly graftrelated adverse events, which suggests glycerolpreserved grafts are as safe as traditional freezedried grafts.
As reported, both groups exhibited equivalent high fusion rates at 6 months and similar adverse event rates. The average 6month subsidence measurements, 2.13 mm for the glycerolpreserved group and 2.83 mm for the freezedried group, compare favorably with the reported literature rates of 2.25 mm 30 and 3 mm 3 for combined multilevel fusion allograft groups. Moreover, both treat ment groups had NDI and VAS scores consistent with those in additional studies investigating allograft treat ment for ACDF. 7, 20, 21, 25, 31 In the present study, the trend toward greater improvement in NDI and VAS scores in the glycerolpreserved group cannot be explained but may relate to reports of possible degraded biomechanical performance by freezedried grafts even after a lengthy rehydration period. 4, 11, 22 Murrey et al. 21 performed a randomized controlled study comparing ACDF and disc replacement surgery. Patients in the allograft group reported decreases from baseline NDI scores: 22.5 at 3 months and 26.4 at 6 months. These de creases in NDI scores compare favorably to our findings for the glycerolpreserved group whose decrease from baseline was 20.2 at 3 months and 24.99 at 6 months. The NDI scores for patients in the freezedried group did not decrease as much, with a decrease from baseline of 13.86 and 15.03 at 3 and 6 months, respectively.
Additionally, Seng et al. 25 performed a prospective 2year followup of 116 patients with cervical myelopathy treated using 2 different approaches: ACDF in a group composed of 23 allograft patients and 41 autograft pa tients, and posterior laminoplasty in 52 patients. At the 6month followup, patients in the ACDF group reported a decrease of 19.1 ± 22.5 from baseline NDI scores and 2.2 ± 3.8 from baseline VASneck scores. The VASneck data were scaled to a 10point scale to allow for a more accurate comparison. Again, these results compare favor ably to our findings for glycerol-treated allografts at 6 months, that is, a decrease of 24.99 from baseline NDI scores and 2.72 from baseline VASneck scores. Patients who had received freezedried grafts had a smaller de crease of 15.03 and 2.2 from baseline NDI and VASneck scores, respectively, but these results were still compara ble to those in the Seng et al. study.
Although the focus of this study was on the allograft preservation method, it is worthwhile to note that the quali tatively assessed fusion rate of > 95% after using Cloward dowels compares favorably with the documented allograft fusion rates of 78%-94% after using the SmithRobinson technique. 5, 35 The results also compare well with the com bined "overall success" rates of 72%-85% 9,20 seen in cervi cal total disc replacement (CTDR), although the validity of the overall success metric used as well as the noninferiority design of CTDR studies has been questioned. 36 Neither did our study focus on costeffectiveness; however, a brief com parison based on our approximate hospital cost for a 1level treatment is shown in Table 3 . Given the considerable cost variation for the different treatment methods, further inves tigation using comparative effectiveness methodology may be warranted.
While freezedried allografts have been an attractive option to diminish the difficulties of transporting, storing, and thawing traditionally processed frozen grafts, prob lems with this treatment do exist. One issue of concern is the reported brittleness or graft fracture that can manifest upon graft insertion. 4, 11 Furthermore, freezedried corti cal allografts have been biomechanically weaker than frozen allografts, even after rehydration. 22 However, as reported in a biomechanical study, 27 the percentage strain exhibited by glycerolpreserved grafts was approximately equivalent to that exhibited by the frozen grafts, which suggests glycerol preservation maintains the native prop erties of bone. In contrast, the freezedried grafts were more brittle with a lower modulus of rupture, and even 60 minutes of rehydration was insufficient to recover the original properties of the graft. In a separate study, 19 it was shown that glycerol storage also maintains compres sive properties of bone allografts comparably to tradition ally treated bone allografts.
The ease of use, preservation of biomechanical, anti microbial, 10, 23, 24, 33 and viral inactivation properties 10, 17, 18, 32 of glycerol preservation make it a potentially advanta geous allograft treatment choice. Our purpose in this study was to investigate, in clinical application, whether glycerolpreserved bone grafts would perform success fully in ACDF surgery. We found that glycerolpreserved Cloward dowels had clinical results equivalent to those of freezedried Cloward dowels. By 6 months postimplanta tion, 46 of 47 patients with glycerolpreserved grafts had fully intact grafts, with only 2 patients having signs of subsidence. Thirtyseven of 39 patients with freezedried grafts had fully intact grafts, with only 2 patients showing signs of subsidence. This study is limited by several factors. A cost com parison was not made between sample groups. Given the general equivalence in outcomes, we expected treatment costs might be similar. The cost of each type of allograft from the manufacturer was similar regardless of the pres ervation method, although additional shipping and storage costs would be expected with the frozen grafts. However, the time savings in using the glycerolpreserved grafts versus the rehydrationrequired freezedried grafts is a valid consideration. Moreover, the possibility of avoiding the costs associated with potential frozengraft discards because of improper shipping or storage could be signif icant. We also studied only one type of graft (Cloward dowel) and in one location-specific procedure (ACDF). Despite this limitation, our results may be instructive to the use of other glycerolpreserved allografts in spinal surgery. While the study dropout rate was higher than de sired, the operating surgeons have decades of combined experience performing this procedure; thus, it is unlikely that clinical dissatisfaction explains the higher rate, but rather the nature of the study population. Finally, although multiple surgeons treated the patients, all of the patients were seen at the same location using the same procedure; therefore, the results would be more generalizable with a multicenter study involving additional spinal approaches and the use of other structural allograft constructs.
conclusions
Glycerolpreserved allografts exhibited fusion out comes, subsidence measurements, adverse event reports, and functional outcome scores similar to those demon strated by freezedried grafts used in ACDF surgery. These results, in addition to the glycerolpreserved al lograft's maintenance of biomechanical properties and ease of preparation, support its use in ACDF procedures. 
